Abstract. Building composites -thermo-insulating and/or high
INTRODUCTION
Ash produced during coal combustion in power-plants is considered as one of the most hazardous environmental polluters. According to estimation, the annual global fly ash production was more than 600 million tons in past 10 years [1] . In the European Union the total production of fly ash is estimated to be about 95 million tons [2] . Fly ash represents about 80 % of coal-ash produced by thermal power plants, while bottom ash accounts for 10-15 % [3] . The fly ash generation is a global problem with severe implications for the environment: elements may leak through the soil to the groundwater; ash might cause air pollution if left on open landfills, etc. For industry, high costs of storage, transport and disposal must be faced by plant operators and waste management companies. EU regulations are focused on the recycling of the coal combustion fly ash and reusing it as a component of building materials, namely 21 million tons of fly ash is being reapplied annually in the construction industry [4] : as concrete/mortar addition -bonding agent or aggregate [5] [6] [7] [8] , in road construction [9] , in cement clinker production [10, 11] , for bricks and tiles [12, 13] , for infill of voids and as geopolymers [14] [15] [16] . The high recycling rates the fly ash achieved are mainly due to its pozzolanic behavior [17] .
However, since there is a perpetual request for new applications of fly ash, one of suggested ways of using this waste material is in thermo-insulators and high-temperature building composites. As such, fly ash has to adequately meet mechanical and thermal stability criteria. Substantial amount of studies related with fly ash performances in cementitious materials promotes its consistency and long-term strength enhancement [18] [19] [20] [21] [22] [23] . The improved performances are related with the more spherical shape and smooth texture of fly ash compared to cement particles. Cement particles gain rough and angular shape as the result of clinker grinding. Spherical and smooth fly ash particles help the mixture interparticle friction reducing. Fly ash acts as superplasticizing admixture helping the "packing" of composite structure. Superplasicizing ability leads to reduction of water content needed for optimal mixture consistency and, thus, increasing of mechanical strength.
Another important property of such materials is its behavior at elevated temperatures: thermo-insulation properties, fire resistance and finally possible refractoriness. The use of fly ash additions in building composites can affect the material behavior when subjected to elevated temperature [24] . Materials that retain a large quantity of water are more desirable for fire protection and thermal exposure. Namely, when these materials are exposed to a thermal source, part of the water evaporates and is transported from the exposed surface to the interior of the material where the water cools and condenses again. Afterwards, a liquid film forms which is displaced towards the unexposed side. Some commercial products, used as thermal insulation or passive fire protection in buildings and industrial installations, have a chemical composition and properties similar to fly ash mixtures [25] [26] [27] [28] [29] .
In the present study, fly ash-cement based composites were subjected to several thermal, mechanical and microstructural analyses in order to investigate behavior under elevated temperature, the mechanical properties and the environmental impact.
EXPERIMENTAL PROGRAM

Materials applied in the investigation: fly ash and cement
The fly ash used in the investigation originates from the filter systems of two coalfired power plants in Serbia. Two representative types of fly ash chosen for the investigation are labeled as FA1 and FA2. The fly ash was collected directly from the filter system of the power plant. Afterwards the fly ash was transported to a special closed silo for storing. A sample of 500 kg of each fly ash was randomly taken from the silo and re-sampled by the quarter method. Thus, 50 kg samples were obtained. The samples were pre-served in hermetically sealed boxes until further analyses. Grain size distribution of the fly ash is given in Fig. 1 . 
Preparation and curing of the composites
Cement -fly ash based composites/bonding agents were prepared for further analyses. Composites were mixed for 8 minutes in laboratory RILEM-cem mixer and, afterwards, shaped in 2 cm cubic moulds. After 7 days of curing in a climate chamber at 20 ºC and humidity 60 %, the samples were demoulded and stored for another 21 days under the same conditions as in the climate chamber. Chemical analysis of the composites is given in Table 2 . Fraction content of the fly ash samples was analyzed by means of cyclo-sizer diffraction particle size analysis (Cyclo-sizer Warman International LTD, Australia). Grain size distribution of the mechano-activated fly ash is given in Fig. 1 The mechanical compressive strength (MCS) of composite samples was tested using a conventional laboratory hydraulic pressure device. Samples were tested on MCS at ambient temperature. Afterwards, the samples were fired in an electric furnace at following temperatures: 900, 1100 and 1300. The thermal treatment interval used was 2 hours at each temperature. Heating rate was 150°C/h. After firing sample were tested on MCS.
Milled, homogenized and dried (for 6 h at 105 °C) composite samples were analyzed by means of X-ray powder diffraction (XRD). The XRD patterns were obtained on a Philips PW-1710 automated diffractometer using a Cu tube operated at 40 kV and 30 mA. The instrument was equipped with a diffracted beam curved graphite monochromator and a Xe-filled proportional counter. The diffraction data were collected in the 2θ Bragg angle range from 5 to 70 °, counting for 1 s (qualitative identification) at every 0.02 o step. The divergence and receiving slits were fixed 1 and 0.1, respectively. All the XRD measurements were performed at room temperature in a stationary sample holder.
The microstructure of the fly ash samples and composites was characterized by scanning electron microscopy method (SEM) using a JEOL JSM-6390 Lv microscope. Com-posite samples were crushed, and parts of original samples were used in SEM investigation. The samples were covered with gold powder for better reflection to be obtained and measurements performed.
RESULTS OF THE EXPERIMENTS AND DISCUSSION
From the chemical composition analysis of the composites presented in Tab. 2., it can be seen composites consist mainly of silica, alumina, calcium and iron oxides. Due to the chemical composition of applied cement, composites BA1 and BA3 have increased CaO content (approximately 44 %) in comparison with BA2 and BA4 whose CaO content is app. 23 %. Al 2 O 3 content in HAC based composites is app. 55 %. Application of fly ash increased SiO 2 content in the composites in comparison with starting composition of applied cements. SiO 2 content in fly ashes was higher than 50 %, while content of Al 2 O 3 approximately was about 20 %. Therefore investigated fly ashes can be classified as alumino-silicate ashes, which is the category of ashes attributed with excellent pozzolanic behavior which is of huge importance when fly ash is applied as partial substitution of cement in bonding agent composite.
XRD diffractograms of investigated cements as result of the mineralogical analysis are given in Figure 2 . and 3. Phase compositions of PC and HAC are different due to the differences in the cement manufacturing procedure. Identified crystalline major phases present in the Portland cement sample were: alite -tricalcium silicate: (Ca 3 SiO 5 , 3CaO·SiO 2, C 3 S), belite -dicalcium silicate (Ca 2 SiO 4 , 2CaO · SiO 2, C 2 S), ferrite -calcium aluminoferrite/brown-millerite (Ca 2 (Al,Fe) 2 O 5 ) and gypsum -(Ca 2 SiO 4 (H 2 O) 2 ). The main defined peaks on diffractograms relate to alite and belite (Fig.2) . In case of HAC cement the main defined peaks correspond to monocalcium aluminate CaO·Al 2 O 3 (CA) and monocalcium dialuminate CaO·2Al 2 O 3 (CA2) which were only two crystalline phases found in the sample (Fig. 3) .
XRD diffractograms of investigated fly ashes are given in Figures 4. and 5. Very few differences in phase compositions of investigated fly ashes were noted. Identified crystalline major phases present in both samples were aluminosilicate glass, quartz and mullite. The main defined peaks on diffractograms relate to quartz. High amount of amorphous matter was present within all investigated fly ash samples. The background hump between 10 and 40° in the X-ray spectrum provided additional evidence of the presence of an amorphous phase. Magnetite, hematite, fluorite and anhydrite were noted in relatively negligible amounts. The small differences observed in the mineralogical composition might be attributed to the heterogeneity of the fly ash composition, i.e. coal used or combustion process applied. Sample FA2 showed lower level of crystallinity and, thus, high amount of amorphous material and low quartz and mullite content. At the other hand, the sample FA1 has the more defined quartz peak on diffractogram, i.e. the higher level of crystallinity.
Mineral phase changes induced by increasing temperature within investigated bonding agent composites were followed by means of XRD ( Figures 5.-8.) Phase composition of the analyzed sample BA1 at 20 °C is as follows (Fig 5.) : alite, belite/larnite, tricalcium aluminate, quartz, portlandite (Ca(OH) 2 ). Crystallinity degree of all present phases is very poor. Phase composition at 900 °C is slightly changed: alite, belite/larnite, Ca 2 Al 2 SiO 7 (gehlenite) and SiO 2 (quartz). There is no present portlandite. Phase composition of the sample characterizes beginning of crystallization of gehlenite. Crystallinity degree is slightly higher in comparison to the previous sample mostly because of gehlenite. At 1100 °C gehlenite and Ca 3 Si 2 O 7 were found. Besides these crystal phases there is also a small possibility of existence of low amounts of quartz. Gehlenite is more much abundant than rankinite. Crystallinity degree is notably higher in comparison to the previous two samples. At 1300 °C phase composition and crystallinity degree is the same as previous sample. Q-quatrz CaH-portlandite
Intensity ( G-gehlenite R-rankinite Q-quartz Phase composition of the BA2 (at T = 20 °C) is ( Fig. 6) : alite, belite, tricalcium aluminate, quartz, portlandite. Crystallinity degree of all present phases is very poor. BA2 at T = 900 °C shows following phase composition: alite, belite/larnite, gehlenite, quartz. Phase composition of the sample characterizes beginning of crystallization of gehlenite. Crystallinity degree is slightly higher in comparison to the previous sample mostly because of gehlenite. At T = 1100 °C following phase composition was detected: gehlenite, rankinite. Besides these crystal phases there is also a small possibility of existence of low amounts of alite and belite. Crystallinity degree is notably higher in comparison to the previous two samples. At T = 1300 °C phase composition and crystallinity degree is the same as previous sample: gehlenite and rankinite.
Differences between phase compositions and phase temperature changes for samples BA1 and BA2 are insignificant, which leads to conclusion that despite different origin of fly ashes applied the composite samples will not have significantly different properties. R-rankinite G-gelenite Phase composition of the BA3 sample at 20 °C (Fig. 7 There is also possibility of presence of cristobalite but in very small amounts. Crystallinity degree is the highest in comparison to the all previous samples. Same as in case of PC based composites, phase compositions of BA3 and BA4 have very few differences. However crystallinity of BA4 is significantly higher. The bonding agents BA1-4 XRD analysis highlighted certain thermally induced phase changes taking place. The XRD spectra in all cases were very complex and the XRD patterns revealed that with an increase of temperature, more complex aluminosilicates were formed, especially in HAC based composites (BA3 and BA4). In case of BA1 and BA2, the number of the minerals was reduced with increasing temperature. It is possible that simple minerals were gradually incorporated into the complex aluminosilicates during thermal treatment of the samples. The fly ash normally contains significant amount of siliceous glass together with the crystalline phases -quartz, hematite and mullite. Thermal treatment reduced the amount of glassy phase and quartz, and promoted formation of anorthite, mullite, hematite and cristobalite. However, the diffraction peaks of these compounds in composite samples were broad or poorly developed or overlapping with other peaks. The formation of rankinite, gehlenite, anorthite and cristobalite in the composites is important because they are thermally stable (i. e. have high melting point) and therefore they contribute to the thermal stability of the composites.
The thermally induced change of compressive strength, as representative property of a bonding-agent performance, is given in Figure 9 . Investigated composites were exposed to high temperatures (900, 1100 and 1300 °C) during 2 hours. Obtained values of compressive strengths for all composite types are high, reaching over 100 MPa for BA3 and BA4 composites and near 100 MPa for BA1 and BA2 composites. Surely, such values should be reduced by dimensional factor; i.e. smaller-sized samples give higher strength values. However, it should be highlighted that increasing temperature, after expected initial decrement of compressive strength, induced porosity reduction which, along other changes (like previously explained phase changes and initiation of sintering process) resulted in increasing of compressive strength. The SEM microphotographs of composites BA2 and BA4 recorded after samples firing at 1300 °C at 800x magnification, are given in Figs. 11. and 12, respectively. Porosity of BA4 sample is lower, i.e. pores are less notable than in case of BA2 sample which explains its higher compressive strength. The bond between fly ash and cement particles seems to be quite strong which indicates that these two materials are thermally compatible. The investigated composites based on cement and fly ash, as reapplied waste material, seem to be a promising thermal-insulation and high temperature resistant material which can be used as bonding agent. Such bonding agent can be applied in concrete or mortar mixtures and used for structural elements that are exposed to high temperatures. The investigation highlighted following: fly ash, as recycled raw material, showed satisfactory behavior at elevated temperatures and, thusly it has positive thermal insulation and temperature behavior; The spherically shaped fly ash grains have characteristic of superplasicizing additive and by such they promoted strength enhancement to a certain level and, thus improved performances of investigated composites by minimizing microstructural incompatibility. Fly ash being applied as super plasticizer fills voids irregular cement particles leave behind and decrease level of porosity; Melting of the composites is not recorded at the temperature 1300 ºC which attributes to good refractory characteristics of investigated composites; XRD showed that crystallinity of the composites improved with increasing temperature. The formation of rankinite, gehlenite, anorthite and cristobalite in the composites is important because they are thermally stable and therefore they contribute to the thermal stability of the composites.
